controlled. Although not strongly evidenced, consensus exists to supplement important micronutrients such as amino acids (glutamine), water-soluble vitamins and trace elements.
Nutritional and Metabolic Alterations during Continuous Renal Replacement Therapy
Feeding patients with acute kidney injury (AKI), especially when treated with continuous renal replacement therapy (CRRT), remains a delicate yet challenging task for intensive care unit (ICU) clinicians. Indeed, the AKI process itself is accompanied by inherent metabolic and physiological disturbances necessitating careful implementation of ICU feeding protocols. CRRT allows volume removal and permits quasi unrestricted feeding. On the other hand, CRRT may cause considerable modifications in the nutritional 'household' by inducing substantial and incompletely quantified losses of macro-and micronutrients [1, 2] . CRRT allowing clearance of low-molecularweight water-soluble substances implies significant loss of glucose, amino acids, low-molecular-weight proteins, trace elements, and water-soluble vitamins. Nonselective molecular transport through CRRT membranes also enhances plasma clearance of certain blood components at elimination rates varying with operational characteristics. Recent studies in ICU patients underscored the positive correlation between hemofiltration dose and magnitude of these losses. If not recognized and corrected in time, depletion of specific substances will become harmful for the patient. We performed a systematic search of the literature published between 1992 and 2012 using the quorum guidelines regarding nutrition in ICU patients treated with CRRT. We concisely reviewed the current knowledge on nutrition during CRRT, with particular focus on observed losses of important or vital macro-and micronutrients. This search enabled us to provide some recommendations for daily nutrition management as well as nutrient supplementation in CRRT practice.
Global Energy and Protein Requirements
Recommended daily energy and protein requirements during CRRT range from 25 to 35 kcal/kg (with proportionally 60-70% carbohydrates and 30-40% lipids) and from 1.5 to 1.8 g/kg body weight, respectively [1] [2] [3] .
Electrolytes
Hypokalemia is present in 5-25% of patients treated with CRRT [4] [5] [6] and is mainly due to inadequate potassium supplementation. Paradoxically, potassium loss is easily avoided either by using potassium-rich replacement fluids in hemofiltration, altering potassium concentration in the substitution fluid or administration of potassium supplements. Serum potassium levels below 3 mEq/l should absolutely be avoided as rapid correction may increase mortality [7] . Clinicians typically tend to avoid hyperkalemia in patients on CRRT. However, if hypervolemia is the main indication for initiating CRRT, hyperkalemia usually is innocuous and potassium substitution within the normal blood concentration range should be encouraged [6] . Low potassium-containing fluids are only mandatory in markedly life-threatening hyperkalemia.
The incidence of hypophosphatemia during CRRT varies between 10.9 and 65% [4] [5] [6] . Its clinical effect remains poorly defined, yet phosphorus is involved in many vital functions such as tissue support, enzymatic processes, oxygen transport and energy transfer. Hypophosphatemia has been associated with failure to wean from mechanical ventilation in medical ICU patients [8] . Adding phosphorus to substitution fluids is safe and adequately compensates undesired losses [9] . Commercial fluids containing physiological phosphate concentrations are to be preferred because they permit minimalization of the contamination risk and avoidance of eventual dosing errors when using 'homemade' solutions [9] . To compensate phosphorus loss, either intravenous bolus or enteral supplements can be administered. Special emphasis should be given whenever refeeding syndrome is suspected [10] . Recommendations do suggest that phosphate levels should be controlled at least twice daily during CRRT [11] .
Regarding phosphorus behavior during CRRT and refeeding syndrome, we can say that not only the dose but also the duration of CRRT does affect phosphate levels. Ratanarat et al. [12] demonstrated that phosphate transfer during an intermittent hemodialysis session was little more than half the one observed during a 24-hour CRRT treatment, despite a fourfold higher clearance. This underlines the role of phosphate redistribution in relation to the duration of the used technique. Therefore, phosphate supplementation during refeeding syndrome and CRRT would require special attention of the attending physician as dose and especially duration will dramatically affect phosphate stores [11, 12] .
Hyperphosphatemia rarely occurs during CRRT and, if present, requires increased clearance and the use of phosphate-free dialysis fluids. Phosphate is largely located intracellularly. Thus, a persistently high phosphorus level during CRRT may be a marker of massive intracellular necrosis (e.g. severe bowel ischemia) [11, 13] . Hypomagnesemia is rarely seen (<3%) and easily corrected with either commercially available fluids or daily administration of 2-4 g intravenous magnesium salt boluses [14] . Regarding calcium, hypocalcemia is commonly reported as a side effect with an incidence of up to 50% in some case series [11] [12] [13] [14] . With the rising use of diluted citrate [11] , calcium is more easily corrected as compared to the heparin era [11] . It has also been shown that hypercalcemia can be more easily controlled by CRRT and especially by avoiding rebound hypercalcemia [11] [12] [13] [14] . Lastly, we have to briefly mention the techniques that are able to minimize those important substrate losses. Cascade hemofiltration [15] allows the ultrafiltrate to return first to a second filter (with small porosity) in order to prevent major losses of nutrients, antibiotics and other vital substances before the ultrafiltrate of this second low-cutoff filter returns to the patient's venous circuit [15] . Cascade hemofiltration was developed to limit losses of nutrients, antibiotics and other vital substances when performing high-volume hemofiltration [15] .
Specific Nutritional Compounds
Carbohydrate Carbohydrate loss during CRRT is not well documented, yet unquestionably relevant. Glucose loss can be estimated by multiplying the glucose concentration measured in an aliquot of effluent with the total daily effluent volume. Frankenfield et al. [16] prospectively studied glucose dynamics in polytrauma patients undergoing dextrose-free continuous hemodiafiltration with or without the addition of dextrose-containing fluids. Glucose loss reached 82 ± 61 g/day when glucose-containing fluids and 57 ± 22 g/day when glucose-free fluids (p < 0.05) were used. A net positive uptake, though less expressed in the dextrose-free cohort, was detected in both groups [16] . Still, adding glucose to CRRT solutions may be problematic and CRRT mass transfer dynamics for glucose are insufficiently clarified. Supplementing glucose to the replacement fluid may produce a net glucose uptake as high as 300 g/day in patients under CRRT. This amount of glucose is the highest permitted to obviate hepatic lipid accumulation which disturbs liver metabolism [17] . Since the publication of these results, however, the application of CRRT underwent considerable changes such as a shift towards venovenous modalities and a substantial increase in hemofiltration dose. Nonetheless, we can assume that the use of glucose-free solutions produces a small and predictable glucose loss and that glucose-containing solutions will cause a positive glucose intake, making losses in the circuit less predictable. When glucose was added to the substitution fluid, a progressive increase in glucose concentration was noted with linear increments in net glucose transfer to the patient [18] . Whether glucose-enriched solutions eventually affect ultrafiltration capacity and dose delivery during high-flux hemodiafiltration with polysulphone membranes is poorly studied [19] . Finally, both higher plasma glucose levels and a higher glucose turnover have been described when lactate-based solutions are employed [20] . Although it remains unclear if glucose losses should be compensated, current evidence suggests that keeping glycemia within the normal range is beneficial. Most routinely used substitution fluids do contain dextrose and strict glycemia control during CRRT is thus essential. Special attention is needed when nutrition (in particular enteral nutrition) is withdrawn in case of hypoglycemia because glucose is easily removed from the plasma. In the future, continuous glucose monitoring in patients on extracorporeal treatment, including CRRT, may be the best option to anticipate for dysglycemia problems [21] .
Protein and Nitrogen
CRRT produces a significant nitrogen loss which, if not properly supplemented, may result in a nitrogen 'deficit'. Amino acids have different rates of elimination during extended CRRT and losses need to be counterbalanced by increasing the amino acid supply by approximately 0.2 g/kg/day [1] . Moreover, Bellomo et al. [3] even suggested an amino acid supply of up to 2.5 g/kg/day to assure a positive nitrogen balance in these highly catabolic patients. Since nutritional support is not volumelimited during CRRT, adequate amounts of protein can be provided to compensate for losses. Addition of glutamine (alanyl-glutamine dipeptide 0.3-0.6 g/kg/day) to total parenteral nutrition, especially during CRRT, is recommended by the European Society of Parenteral and Enteral Nutrition (ESPEN) [22] .
Lipids AKI is associated with increased triglyceride content of low-density lipoproteins, altered lipolysis and reduced hepatic lipase activity. Taken together, this impaired lipid metabolism may cause an up to 50% decrease of lipid, and especially triglyceride, clearance. This enhances the risk of hyperglycemia particularly in parenterally fed patients [1, 2] . Due to lower breakdown, triglycerides accumulate in AKI patients. Triglyceride overload becomes problematic when parenteral nutrition is started and is not resolved by CRRT because the very high molecular weight of these substances precludes filtration [23] . Thus, triglyceride levels need close monitoring in patients with AKI treated by CRRT especially when receiving parenteral nutrition. Both high molecular weight and inherent lack of water solubility preclude lipid elimination by CRRT. Lipids may also become involved in early packing or clotting of filters when unfractionated heparin is used as anticoagulant. This is seen less with citrate [24] . fluids, nutrient intake, and removal from plasma by CRRT [25] [26] [27] . Water-soluble vitamin and trace element losses and requirements during CRRT remain the subject of debate and research. Whole blood concentrations of these substances are not directly associated with removal. Also, the clinical significance of these losses remains unclear. In general, water-soluble vitamins are highly removed by CRRT (e.g. 68 mg vitamin C and 290 μg folic acid per day) [25] . Proposed recommendations for daily supplementation of water-soluble vitamins are: 100 mg vitamin B 1 , 2 mg vitamin B 2 , 20 mg vitamin B 3 , 10 mg vitamin B 5 , 200 mg biotin, 1 mg folic acid, 4 μg vitamin B 12 , and 250 mg vitamin C [28] . Vitamin C intake in patients with AKI should not exceed the recommended dose because of the potential risk of nephrotoxic secondary oxalosis [26, 29] . Thiamine loss may largely exceed the daily provision of this vitamin by standard total parenteral nutrition. Therefore, recommended supplements may vary accordingly [1, 30] . The fat-soluble vitamins E and K also need to be supplemented (10 IU/ day and 4 mg/week), respectively [30] but vitamin A must be reduced to compensate for deficient retinol degradation. Daily parenteral supplementation with standard doses of trace elements is supposed to compensate for CRRT removal [29] . However, the optimal dose of (multi-)trace element preparations in patients on CRRT is currently unknown. Trace element losses are most often intercepted by tripling the dose of currently available intravenous trace element-containing solutions, even in enterally fed patients. Among the trace elements, selenium may become significantly depleted during CRRT. Therefore, an additional intravenous dose of 100 μg (at least 20-60 μg) selenium should be administered daily during CRRT [31] . To date, supplementation of vitamins and trace elements during CRRT has shown no proven benefit on survival [1, 26, 29] . 
Water-Soluble Vitamins and Trace Elements

Heat and Energy Loss
Higher CRRT doses are associated with a higher incidence of hypothermia [32] . CRRT-induced body cooling is determined both by the time during which blood circulates outside the body and the contact with cold dialysate and/or replacement fluids. Long-term body cooling may have unwarranted or potentially detrimental side effects such as energy loss, shivering with increased oxygen demand, vasoconstriction, impairment of leukocyte function, and coagulation disorders [32] . As a consequence, monitoring of body temperature is imperative. If the incorporated CRRT heating system fails to maintain the desired core temperature, external heating aiming at a temperature above 37 ° C (and sometimes even close to 42 ° C) must be utilized [32] . Of note, cooling may beneficially affect hemodynamics and outcome in ICU patients [33] . As such, CRRT has proven useful to quickly establish hypothermia in certain conditions (e.g. cardiac arrest induced by ventricular fibrillation) [34] .
CRRT provokes a heat loss of approximately 1,000 kcal/day [33] , which must be considered into the energy balance account. On the contrary, and especially during shock, overzealous hypothermia may be deleterious for myocardial function and should be carefully monitored especially also regarding clothing and platelet count [33, 34] . Ideally, energy requirements should be measured by indirect calorimetry to more correctly match the amount of delivered calories to the patient's needs [35] . Indirect calorimetry, however, remains difficult to perform during CRRT because the CRRT-induced bicarbonate/CO 2 diversion renders the measurement unreliable [36] . At room temperature, CRRT produces loads of CO 2 . This production will increase during active rewarming of the substitution fluid or the blood itself. In other words, during CRRT, CO 2 production no longer reflects the metabolic production of the body because substantial amounts of CO 2 are produced by the transformation of bicarbonate during CRRT [36] . To overcome this inconvenience, indirect calorimetry could be performed when the patient is off CRRT. Currently, we conduct a randomized crossover study comparing indirect calorimetry in patients on and off CRRT, using patients within one study group as their own controls. The major aim is to quantify the bicarbonate/CO 2 diversion and to determine a factor for correcting indirect calorimetry results during CRRT [unpubl. data]. More generally speaking, dose is by far the most important item that may interfere with nutrition needs. Intermittent hemodialysis does obviously need completely different guidelines.
Regarding the different modalities (CVVH, CVVHD, CVVHDF, etc.), differences are tiny as long as the dose is the same amongst the various modalities. The only differences are concerning electrolytes although the recent work of the group of Bellomo did show that CVVHD or CVVHDF was not superior to CVVH if the same dose was applied even regarding electrolytes clearance [36] [37] [38] . It is really the dose that would make the major difference regarding nutrition guidelines [36] . Regarding membranes, highly adsorptive membranes are more prone to adsorb antibiotics but this remains an area of research up to now [36] . Regarding high-cutoff membranes, we do not have data right now regarding this issue [36] .
Conclusions
Loss of macro-and micronutrients is well documented during CRRT and, in general, requires replenishing or compensating eventual deficits. The final aim should be to optimize the nutritional status of the patient and to reduce the so-called 'dialytrauma' induced by CRRT [37] . Daily recommended energy requirements during CRRT fluctuate between 25 and 35 kcal/kg (60-70% carbohydrates and 30-40% lipids) and between 1.5 and 1.8 g/kg protein [1] [2] [3] . Significant alterations of carbohydrate and lipid metabolism as well as severe electrolyte disturbances may be found in patients undergoing CRRT. Close monitoring of these metabolic parameters and their interactions is imperative. Energy requirements during CRRT are increased and should best be assessed by indirect calorimetry. However, this technique is not universally available and will need correction for the known bicarbonate/CO 2 diversion induced by CRRT. The current ESPEN guidelines allow us to adequately supplement important micronutrients such as amino acids (glutamine), water-soluble vitamins and trace elements. More widespread recognition of 'dialytrauma' and the use of an appropriate checklist ( table 1 ) may help the bedside clinician to better assess and handle nutrition deficits in CRRT patients [38] .
